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Hydrogen doped ZnO thin films were deposited by radio frequenagnetron sputtering from a ceramic
target onc-plane sapphire and fused silica using &hd G as reactive gases. Structural analysis revealed
that all films are polycrystalline with the axis oriented perpendicularly to the substrate surfacee |ateral
grain size was strongly affected by the oxygen content o§fhatering gas and decreased dramatically above a
critical content of 4.5%. The carrier density of the films lcbioe adjusted by the deposition parameters to any
value between 73 and 2x 10?9 cm~3. Temperature dependent Hall-effect measurements idshttiermionic
emission over Coulomb-barriers created by surface trapsstd the grain boundaries and tunneling effects to
dominate the carrier transport. The dependence of theabiznd gap energy on the carrier density was deter-
mined and is well described kab-initio calculations including Burstein-Moss shift, band gap remadization,
and excitonic effects.

PACS numbers: TODO
Keywords: TODO

I. INTRODUCTION thermal stability of HO was mainly studied by photolumines-
cence spectroscopy. It gives rise to the 14 donor bound@xcit

) ) at 3362.8 meV. In these investigations it was shown that HO is
Transparent conductive oxides (TCO) are used as contacfg,staple against annealing at temperatures aboveGHb!

in flat panel displays and solar cells whenever transparenqy, qgition to the configurations mentioned above, there are
and low electrical resistivity are demanded. Especially; a jngications for further hydrogen related shallow donorer F
minum doped ZnO (AZO) films offer promising properties gy ample after hydrogenation two donors with ionizationrene
to replace indium-tin-oxide which still has the highest-per gies of 35 and 42 meV appearé®However, so far the mi-
formance but might exhibit a strong increase in future Pro-croscopic structure of these defects is unkr;own.

duction costs since indium has been identified as an element g, qiqes the investigation of hydrogen in bulk ZnO also hy-
where reserves will be exhausted in the near futurethe ._drogen doping of thin films by reactive radio frequency sput-
last years not only the demand on these highly conductmggermg was reporte#?!3 Adding hydrogen to the deposition

; ; ; ting i 1
mafir.'a's with dcsmer: d_?gémes mbthled_rangle ?f%m 10° process or post annealing in hydrogen atmosphere is aldo use
cm ® increased but the. S are building blocks for transparg, improve the conductivity of films already doped with alu-
ent electronic devices like diodes, thin film transistorsTJ, minum or gallium donor&20

and even integrated circus. The carrier density of ZnO TCO-layers can be influenced
In the 1950’s E. Mollwé and D. G. Thomast al* were by the oxygen content of the sputtering gas. This is typycall
the first to discover that by hydrogen diffusion into ZnO bulk explained by electron trapping at additional oxygen aténs.
crystals the resistivity strongly decreases. Almost 50ryea When depositing at room temperature a fine tuning of the elec-
later the formation of a shallow donor level due to hydrogentrical properties is hard to achieve since the dependency on
incorporation was described theoretically by Van de Walle the oxygen content of the sputtering gas is rather sengive
and experimentally proven by several groGgsAt present  This is the case for nominally undoped ZnO films as well as
there are two types of shallow hydrogen donors proposed bfor films doped with group 1ll elements:?? Therefore, it can
first-principle calculations. One is formed when a hydrogerbe hard to adjust the carrier density to the value needed for
atom is incorporated on an interstitial bond-centeredckatt a specific application. We found that using a mixture of hy-
site’ (HBC) while the other is caused by the occupation of androgen and oxygen as reactive gas in a sputter depositien pro
oxygen vacancy by a hydrogen atom (HQ)avrovetal®in-  cess is suitable for a good control of the electric propsxife
vestigated these two hydrogen donors in bulk ZnO and foundnO thin films deposited at room temperature. We were able
activation energies of 53 meV for HBC and 47 meV for HO, to adjust the carrier density in a wide range front“0p to
respectively. They also found that HBC is unstable by an2 x 10°° cm~3. Besides the tuning of the electrical proper-
nealing above 190C and provided evidence that HBC defects ties we analyzed the dependence of the crystal structure and
recombine to electrically inactive Hnolecules. So far, the the growth mechanism on the deposition parameters and the
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(O2/(Ar+H2+0y)). The purities of the argon, molecular hy- Oxygen content [%]

drogen (H), and molecular oxygen () gas were 99.999 %,

99.999 % and 99.998 %, respectively. The RF powerwaiflxef_llG_ 1. (Color online) a) X-ray diffraction pattern of a hygen

at 200 W and the base chamber pressure was beloda doped film deposited on sapphire without oxygen (black datie)

Pa. The work pressure was set between 0.4 and 0.9 Pa depeigy a hydrogen doped film deposited with 17 % oxygen (red dashe

ing on the total gas flow. Films were grown on fused silica andine) in the sputtering gas. Dotted lines mark the (0002kpessition

c-sapphire [(0001)-oriented] substrates. of bulk ZnO and nominally undoped sputter deposited ZnO films
The crystal structure of the films was analyzed with ab) Dependence of the full width at half maximum (FWHM) of the

Siemens D5000 X-ray diffractometer in Bragg-Brentano ge{0002)-reflex on the oxygen content of the sputtering gas.

ometry using the K radiation of the copper anode. Scanning

electron microscopy (SEM) images of the surface and cross-

section of the films were taken with a Leo Gemini 982 micro-(c,,q &~ 5.23A). The latter was prepared with similar depo-

scope. Hall-effect measurements were performed in the Vasition parameters and film thickness, as the hydrogen-doped

der Pauw arrangement with an applied magnetic field of 1 Tfilm. Its reflex position is marked by the dotted line. This

For these measurements the samples were placed in an evaatue for the lattice constant is already larger than the-lit

uated cryostat allowing temperatures between 35 and 400 Kature value of bulk ZnOdgyk ~ 5.21A, dot-dashed line§3

To obtain ohmic contacts indium was soldered onto the layeradding oxygen to the sputtering process induces-axis

at 200 C. A Lambda 900 spectrometer from Perkin-Elmer In-shrinkage for the films grown on sapphire approaching the

struments was used to measure the optical transmittance inalue of the undoped films. A similar behavior was not ob-

wavelength range from 250 to 3000 nm. The film thicknessserved for the films on fused silica where th@xis lattice

was determined from the interference fringes in the tratismi parameter stayed more or less constant.

tance spectra. ~ Variations of thec-axis lattice constant due to stress are
To eliminate thickness-dependent effects when comparingommonly observed for films deposited by sputtering tech-

the results for different deposition parameters all filmseve niques and reduce with increasing film thickness since the

grown 500+ 50 nm thick. Additionally, a series with film  material relaxeg* A possible explanation for the additional

thicknesses from 10 up to 3000 nm were deposited for furthejhcrease of the lattice constant with hydrogen doping tseeit

analysis. higher stress due to the deposition process, or the incarpor

tion of impurities which spread the lattice. According t@th
hydrogen doping process favored candidates in this case are

Il RESULTS AND DISCUSSION the incorporation of hydrogen on an interstitial positidar (
instance HBC) or an oxygen reduction of the material which
A. Structural properties might lead to a higher concentration of interstitial zinorat

(Zny). A largerc-axis lattice constant upon hydrogen doping

X-ray diffraction analyses revealed that all films are poly-was reported before and is in most cases attributed to the in-
crystalline with thec axis oriented perpendicularly to the sub- corporation of HBC'® Parket al?* found an increased unit
strate surface. Therefore, the (0002) reflex is the only visicell volume which is in accordance with Van de Walles cal-
ble one in thed/26 scan besides the substrate related reflexegulations on HBC. Since we observe only the (0002) reflex
observed when growing on sapphire. Figafa) shows ex- in the diffraction patterns no information on the unit cedlv
emplarily the diffraction pattern (normalized intensifiof a  ume is provided and a distinction between whether the lat-
hydrogen doped film deposited without oxygen (dashed linejice spread is caused by stress or impurity incorporationis
and a film deposited with the highest oxygen flow used in ouossible. Previous experiments, however, propose that HBC
experiments (solid line), both grown on sapphire. From thds not the dominant defect in our films since we observed the
angular position of the (0002) reflex thieaxis lattice con- hydrogen content and electrical properties to be stablarfer
stant can be derived. For hydrogen doped films depositefiealing of 200C where HBC induced donors should vanish
without oxygen we observed an increase in lattice constaralready*?
(Cdop ~ 5.26A) compared to nominally undoped ZnO films  Figurel(b) shows the full width at half maximum (FWHM)
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FIG. 2. SEM images of hydrogen doped films deposited withapt (

¢) and intermediate oxygen flow (b, d). The surface imageb)a, FIG. 3. (Color online) Dependency of the lateral grain sieeivid
were taken from two 500 nm thick films while for the cross-gett from SEM surface images on the film thickness for two différen
view (c, d) films with 3000 nm thickness are displayed. oxygen contents of the sputtering gas.

of the (0002) reflex and its dependency on the oxygen content We further investigated the dependence of the grain size on
of the sputtering gas. With hydrogen doping the FWHM in-the film thickness by analyzing the SEM surface images to
creases compared to the undoped reference samples, wh@@ve the assumptions from the cross-section images (gee Fi
we typically observe values around 0@ 0.3, to approx- 3, hote the logarithmic scale). For the films composed of “big
imately 0.85 for films on sapphire and 0.98or films on  crystallites” the lateral grain size is strongly thicknelspen-
fused silica. Adding oxygen to the sputtering process dedent and in_creases qontinupugly for t.hick.er films. Addiion
creases the FWHM continuously for the films deposited orglly the grains are widely distributed in size. In the oxygen
sapphire while for the films on fused silica the FWHM sud- flow region where the homogeneous columnar growth with
denly increases to 1.1%t an oxygen content of the sputter- the “small crystallites™ occurs the lateral grain size stay-
ing gas of about 4.5 %. From there on a steady decrease wifR0st constant for film thicknesses above approximately 200
increasing oxygen content is observed. nm. ) ) _

A smaller FWHM indicates a better crystalline quality and _ 1he SEM images, in accordance with the decrease of the
is assigned to a bigger grain size. Since the (0002) reflex i§WHM of the (0002) reflex, show an increasing grain size

correlated only to planes perpendicular to ¢reis the infor-  Perpendicular to the substrate with increasing oxygen flow
mation on the grain size is also limited to this direction. TolCOMpare Fig.2(c) and2(d)]. Nevertheless the size evalu-

provide direct information on the lateral grain size we tookap!€ from the diffraction patterns by the Scherrer equétion
surfaces images via SEM. Figueshows surface and cross- 1S much smaller than the one suggested from the SEM images
sectional images of hydrogen doped films deposited with anWhich show crystallite lengths in the region of the film thick

without oxygen flow. By depositing without oxygen a lateral "€SS for high oxygen_flows. Such discrepancies have been re-
grain size around 100 to 200 nm is reached at a film thicklPorted and were assigned to a broadening of the FWHM due

ness of 500 nm [cf. Fig2(a)]. In the following, these type to instrumer_nal and stres_s—induced gffé&t_Additior_\aIIy, th8e

of films are referred to as “big crystallites”. When incremsi  CySta! quality (e.g. stacking faults) is an influencingiéac®
the oxygen flow the grain size stays constant until for oxygerf O @luminum doped ZnO films transmission electron mi-
contents of the sputtering gas higher than 4.5% the growtffScopy (TEM) investigations also revealed that columnar
behavior changes resulting in lateral grain sizes of about 39rains do not have to be s_|nglge3é:rystals but can consist of
nm with a much lower size distribution [Fig(b), referred ~Smaller slightly tilted crystallites?

to as “small crystallites”]. This change coincides with the

sudden increase of the FWHM of the (0002) reflex already . )

described before. The different growth behavior is alse vis B. Electrical properties

ble in the cross-section images. The films deposited without

oxygen start to form small crystallites on the substratectvhi ~ The resistivity and carrier density of the hydrogen doped
combine to bigger ones with increasing film thickness [af. Fi  films determined via Hall-effect measurements are shown in
2(c)]. In contrast to that the films deposited with high oxygenFig. 4. With hydrogen doping the resistivity can be decreased
content show a homogeneous columnar structure were the latver three orders of magnitude to the low #0Qcm com-
eral grain size is almost constant over the whole film thiskne pared to undoped films grown with similar deposition param-
[see Fig.2(d)]. eters and film thickness (cf. Fig, red dots). This goes along
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4 u A, k investigations. For carrier densities belowt46m~2 the de-
10k pendence on the oxygen fraction gets less pronounced until
S T T T S TR the film resistivity becomes too high to perform further mea-
0 2 4 6 8 10 12 surements. The electrical properties were independeihieof t

substrate used and in additional measurements we also found
that the carrier density is not affected by the film thickness
(not shown).

The dependence of the hall mobility on the carrier density

The dots mark the values of nominally undoped ZnO films depdsi is shown in Fig5 for the hydrogen doped films. For densities

8 o3 e :
with the same parameters and the arrows indicate the trehdn w above 16°cm 2 it steadily increases reaching values up to 23
adding oxygen only. c?/Vs. Such a behavior can be attributed to grain boundary

limited transport and was observed in aluminum doped poly-
crystalline ZnO thin films*334 For even higher carrier den-

with an increase of the carrier density from the low8em=3  sities scattering at ionized impurities may become dontinan
to approximately 2« 10?° cm~3. Based on our previous stud- in ZnO, which would decrease the mobility agdibut this
ies we used a hydrogen to argon ration of 1/12, which gavéange is not reached in our samples.
the best electrical propertid. The first comprehensive description of barrier limited -an

The n-type conductivity of nominally undoped sputter de- Port was given by Seff to explain the results for polycrys-
posited ZnO is often attributed to a zinc rich stoichiometrytalline silicon. He assumed@shaped density of trap states
which gives rise to native defects like ZandVo. However, in the band gap forming a Coulomb barrier with an ener-
the oxygen vacancy was calculated to form a 1 eV deep dondtetic height of®g by capturing electrons from the bulk (in
(see Ref. 31 and references therein) and should therefore ng-type material). This simple model was further improved
contribute to the conductivity. Zinc interstitials are ko by Baccaraniet al®” considering a continuous distribution
to form shallow donors but there are studies proposing tha®f trap states. In both models the transport is dominated by
they will not be stable at room temperatdfeDisregarding thermionic emission across the grain barriers leading tefan
the native defects it is likely that impurities originatifpm  fective mobility given by
the sputter environment, the residual gas, or contaminatio
the target might be the explanation. Heft = Ho exp(—ﬁ>

Adding oxygen to the sputtering process of undoped as well B
as of hydrogen doped ZnO increases the resistivity with inwhereT andkg are the temperature and Boltzmann’s constant,
creasing oxygen content. While the undoped films get alrespectively. The prefactqr is regarded as the in-grain mo-
most instantly insulating for small oxygen contents (asow bility and is given by
in Fig. 4), the hydrogen-oxygen reactive gas mixture enables e.L
the possibility to adjust the carrier density to any value be —_—
tween 104 and 2x 10°° cm~3. The carrier density declines vemrkgT
significantly for oxygen contents above 0.045 which coiesid wherelL is the grain size. Equatior2) leads to rather high
with the change in growth behavior detected in the strutturavalues which have not been observed for polycrystalline ZnO

Oxygen content [%]

FIG. 4. (Color online) Resistivityd) and carrier concentratiom) of
films deposited with different oxygen content in the spinigigas.

®p

1)

Ho = 2



(e.g. lo ~ 2000 cn?/Vs for 100 nm grains at RT). Therefore ol ' '
Lo is commonly treated as a fitting parametet® 10 -+ 10- 4D 404

To calculate the barrier height Seto derived two expression oF ]
assuming on one hand the case of a completely depleted grain 10" - E
where all carriers are captured in the traps and on the other aars * *
hand the situation where the traps are completely filled and__ 19" | 4
the excess electrons remain in the volume of the grain. Thé’ E E
former describes the situation fai. < Qr and the later for G,
nL > Qt wheren is the carrier density an@r the surface c
trap density. The barrier height is then giverfby

€L%n
= 85, for nL< Qr 3) 0| ]

oo -
oo

1017 :_

10k

®p

and

= e for nL> Qr (4)

&
B 8egon 10" | .

wheree is the elementary charge, ang, is the static dielec-
tric constant.

According to the theory our mobility data were fitted for - %

IVs]

M [cm

the casenL > Qr by adjustingQr and g which influence
the onset and slope of the mobility limit, respectively. Bes T f * x= A
results were achieved by treating the films with different .

grain sizes separately leading @r ~ 9 x 102 cm~2 and 0 | I II ]
Uo ~ 40 cr?/Vs for the “big grains” (solid line in Fig5) [ T ]
andQr ~ 2 x 10 cm 2 and g ~ 8 cn?/Vs for the “small S T T v 5
grains” (dashed line in Fig). These trap densities are in the 1000/T [K'1]

range commonly observed for polycrystalline ZnO thin films

which are between & 10" and 3x 10'3 cm 2 (see Ref. 38
and references therein).

For the in-grain mobility we have to consider that it might
not be constant for all films with similar grain sizes. Thisyma
especially be the case for the “big crystallites” with a higin-
rier density and can explain the wide scattering of the nitgbil ) L
values in this range. Therefore the valuesfigrandQr that ~ tiangles, Fig6, upper graph). By fitting the slope of the data

we obtained should be regarded as upper limits. Neverthelesoomts in the A_rrhe_nius plot we obtained an activation eperg

it seems reasonable that the in-grain mobility is lower ia th ©f 43 meV which is on the order of the values reported for

smaller crystallites as it is proposed by E). ( the hydrogen donors in ZnO and matches almost perfectly to
Despite the rather good description for > Qr the data the 42 meV donor observed by Lavrev al® However, one

for low carrier densitiesrL < Qr) cannot be fitted satisfy- should keep in mind that the activation energy derived from
ingly (dotted line). Neither the predicted mobility drop at Hall-effect measurements cannot necessarily be tracekl bac

nL— Or (~ 1x 10'® cm3) shows up nor the increase to t© @ Single donor species.
Uo ~ 8 cn?/Vs for the lowest carrier densities is observed Assuming thermionic emission over grain boundary barri-
in the experiments. Instead the mobility is rather constant €ers as the dominant transport mechanism the mobility should
about 1—2 cré/Vs. be energetically activated. The Arrhenius plot visualizesh

To gain further information on the conduction mechanisms behavior around room temperature (Fég.lower graph).
we performed temperature-dependent Hall-effect measurd-he thermal activation is getting less significant with ews-
ments. In F|gG the carrier density (upper graph) and the |ng Carrierdensity, and therefore hlgher mObIlIty Thimisc-
mobility (lower graph) of several films are plotted agaifmgt t cordance with Seto’s model since the barrier height shoedd d
inverse temperature. The carrier density becomes temyperat crease in this range. But the results reveal also that theimi
independent for densities above<3.0'8 cm~3 which is typi-  €mission alone cannot describe the complete temperatture de
cal for a degenerated semiconductor where the Fetieivel ~ pendence sufficiently since the decrease of the mobilitgts g
enters the conduction band. This transition to a metaltie-| ting less pronounced for low temperatures. In additionatte
behavior is given by Mott's critical densityand for ZnOiitis  tivation of the mobility vanishes for the highest carriensigy
commonly found to be in the mid $¥cm~3 range. For den- around 1x 107 cm3.
sities below, a semiconducting behavior is observed lgadin  This behavior can be explained by assuming additional tun-
to a freeze out of the free carriers at low temperatures seve neling of carriers through the barrier. It leads to a temper-

FIG. 6. (Color online) Carrier densityh (upper graph) and Hall-
mobility (i) (lower graph) plotted against the reciprocal temperature
for films with different room temperature carrier density.



100 blocking leads to aimcreaseof the optical band gap which is
referred to as Burstein-Moss shift (BM$)#2(ii) In addition,
80k the free electrons in an-doped material screen the electron-
— electron interaction which leads to a band gap narrowing tha
s counteracts the widening due to the BMS. This effectis dalle
3 60 band gap renormalization (BGR) and also has to be taken into
§ : account. (iii) The screening of the electron-electronriate
’g 40 | tion due to the free electrons also influerfdgbe binding en-
@ | ergy and the oscillator strength of bound excitonic stdtas t
E ol : are characteristic for undoped Zri®*6 Both the binding en-
: . ergy and the oscillator strength are strongly reduced in the
L o presence of free electrofi(iv) In materials very similar to
0 — ZnO, such as Sng3’ or nitride semiconductor® free-carrier

500 1000 1500 2000 2500 3000 absorption plays a role and can, in the case of high doping,
Wavelength [nm] even form the onset of the optical absorptfBiHowever, due
to the energy distance of the lowest conduction band and the

(solid line,n = 2 x 10?79 cm~3) and an insulating (dashed line) film. second-lowestone in ZnO this effect is negligible for theefr

The inset shows the square of the absorption coefficienteirbémd electron concentrations studied in this work.
edge region. Considering the effects (i)— (iii), the optically detected
band gap energy in a system with free electrons is given by

FIG. 7. (Color online) Spectral transmittance of highly doative

ature independent fraction of the total mobility. The mebil _ [FZno _ pexc

ity rises above this constant value at high temperaturesavhe Eg(n) = Eg™ + AEgms(n) +AEggr(n) —Eg*(n).  (5)

thermionic emission gets dominant. Tunneling of carriers i

strongly affected by the barrier’s width and therefore the e In this equationEZ" is the gap of undoped ZnO (3.35 eV

fect is more pronounced for samples with high carrier denwas used in this work\Egus(n) andAEggr(n) describe the

sities and smaller barrier widths. Tunneling effects were r BMS and the BGR, respectively, and the binding energy of the

ported also for polycrystalline aluminum doped ZnO by sev-lowest bound excitoES*%(n) is subtracted. In order to com-

eral groups and also found to be dominant especially for higiputeAEgys(n) andAEggr(n) we rely on the electronic struc-

carrier densities*%“%which is in agreement with our results. ture of ZnO computed within the LDAJ+A approach before
For films with carrier densities below Mott's critical detysi  (see Ref. 49 for details). This method allows to achieve the

the temperature dependence of the mobility could not be anvery fine sampling of thé& space that is necessary to resolve

alyzed satisfyingly since the freeze out of the carrier$ead  free-electron densities of about¥Y@m-—3.

a high resistive behavior and therefore to large measuremen Using the band- and-dependent eigenvalues (k) we

errors at low temperatures (cf. Fi§, lower graph, reversed  joiormine thek-space volume that corresponds to occupied
triangles). conduction-band states as a function of the position of the
Fermi level within the conduction band. The energy dif-
ference of the lowest unoccupied conduction-band state and
the corresponding valence-band state together with the-occ
piedk-space volume (that can straightforwardly be related to
Figure7 shows exemplarily the transmittance spectra of aa doping concentration) leads to the BMS as depicted in
highly conductive hydrogen doped film € 2 x 10?°cm™3,  Fig. g(a). We showed previousi§ that this procedure is su-
blue dashed line) and an insulating film deposited with addiperior to merely computing the BMS from a parabolic two-
tional high oxygen flow (black solid line). The reduced trans pand model due to the strong direction-dependence and non-
mittance of highly doped films in the near infrared region isparabolicity of the lowest conduction band.
attributed to absorption and reflection by free carrierse Th

onset of the decay in transmittance depends on the plasm In order to compute the BGR within -initio frame-
decay Ly iy . P waork, it is necessary to take into account the influence of the
frequency which increases with increasing carrier derasity

therefore shifts to lower wavelengths. For high carrier-denfree_camer_IndUCGd screening. In order to avoid the Vi

. X on is of computational cost of performing, for instand8W calcu-
?ilijt]);eatls':oiga;;lueshlft of the fundamental absorption is " lations for many different doping concentrations alonghwit

In order to explain the energy position of the optical- the very finek-point sampling, we rely on the description by

absorption onset in a doped system several effects have to tl?eerggren and Semelid$.They model the BGR as

taken into accourtt! (i) In the case of high doping, the Fermi

level enters the conduction band and, consequently, etectr AE _ ke B are 1- 4 t E

can no longer be excited from the valence band maximum to sGR(N) = 21se,  8mEgy 72N o ) |

the minimum of the conduction band. Instead higher energies

are needed to reach unoccupied states. This so-called Patilhe Fermi wave vectd= and the Thomas-Fermi wave vector

C. Optical properties




Carrier density [crﬁ]

FIG. 8. (Color online) The dependence of the Burstein-Mds# s
(a) and the band-gap renormalization (b) as derived froralbhigitio
calculations are given as a function of the free-electravsite (black
dots). This data is interpolated [solid lines in (a) and @)yl com-
pared to the experimental results (c). The dashed curve)ialgo
accounts for the influence of excitonic effects.

grr are computed according to:

3

ke = ¥/378n, )
e oJn
OrF = VP P 8)

The termdn/der is again derived from thab-initio band
structure as a function of the free-electron concentradiuh
in Fig. 8(b) the result foEggr(n) is depicted.

not been taken into account so far. The binding energy of
the lowest bound excitonic state is about 60 meV in undoped
Zn0O°? and decreases rapidly with an increasing free-electron
concentratiorf! Here we use the data for the dependence
of the binding energy on the free-electron concentration de
rived from the solution of the Bethe-Salpeter equation-(tak
ing the occupation of the lowest conduction-band states and
the screening due to the free electrons into account) in Ref.
41 to approximat&g*(n) [cf. Eq. (6)]. The dashed line in
Fig. 8(c) agrees impressively well with the experimental data
points over the entire range nfind, hence, can explain the in-
fluence of free electrons in the conduction band on the dptica
band gap.

IV. CONCLUSIONS

We showed that using a hydrogen-oxygen reactive gas mix-
ture is suitable to adjust the carrier density of ZnO thin $ilm
deposited by radio frequency magnetron sputtering to any
value between ¢ and 2x 10°° cm™3. The analysis of the
structural properties revealed that the lateral grain sfabe
polycrystalline films decreases dramatically for oxygen-co
tents of the sputtering gas above a critical value of 4.5%.
The room temperature and temperature dependent Hallteffec
measurements showed that the carrier transport is dordinate
by thermionic emission over Coulomb-barriers created loy su
face trap states at the grain boundaries. Additional tungel
effects have to be considered to fully describe the tempera-
ture dependence of the Hall mobilitAb-initio calculations
including Burstein-Moss shift, band gap renormalizatemg
excitonic effects were employed to describe the dependence
of the optical band gap energy on the carrier density and are
in excellent agreement with the experimental data.
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